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Abstract
In interfaces between inorganic and biological materials relevant for technological applications,
the general challenge of structure determination is exacerbated by the high flexibility of bioorganic
components, chemical bonding, and charge rearrangement at the interface. In this paper, we inves-
tigate a chemically complex building block, namely, the arginine (Arg) amino-acid interfaced with
Cu, Ag and Au (111) surfaces. We investigate how the environment changes the accessible confor-
mational space of this amino acid, by building and analyzing a database of thousands of structures
optimized with the PBE functional including screened pairwise van der Waals interactions. When
in contact with metallic surfaces, the accessible space for Arg is dramatically reduced, while the one
for Arg-H+ is instead increased if compared to the gas-phase. This is explained by the formation of
strong bonds between Arg and the surfaces and by their absence and charge screening on Arg-H+
upon adsorption. We also observe protonation-dependent stereoselective binding of the amino acid
to the metal surfaces: Arg adsorbs with its chiral CαH center pointing H away from the surfaces
while Arg-H+ adsorbs with H pointing toward the surface.
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I. INTRODUCTION
The organic-inorganic interfaces formed between peptides and surfaces are of interest to
diverse fields like medicine, optoelectronics and energy storage [1–10]. Amino acids and
their oligomers – i.e. peptides – are particularly interesting materials because they are
naturally biocompatible and offer a rich functional space already at the amino acid level,
that can be extended by the combinatorial increase of molecular motifs available through
the peptide bond formation. In these setups, the inorganic component offers a platform to
immobilize and template the bioorganic counterpart, as well as to record electronic signals
from interactions or reactions. However, emergent behavior makes it impossible to base the
description of such interfaces solely on the study of its independent components.
On the experimental front, progress on the fundamental understanding of these inter-
faces has been achieved with recent soft landing techniques [11] that allow amino acids and
peptides of a few tens of building blocks to be deposited on solid surfaces and subsequently
imaged in ultra-high vacuum conditions employing scanning tunneling microscopy (STM)
[12]. These experiments have shown that small sequence modifications, changes in the pro-
tonation of a peptide, and charge transfer at the interface can yield drastic changes in the
two-dimensional structure and self-assembly [11, 13, 14].
Explaining the physical mechanisms that govern adsorption and pattern formation calls
for systematic theoretical investigations with atomistic resolution of such interfaces. How-
ever, such studies are challenging as they require (i) accurate energetics for a system build-
up of elements across the periodic table and where considerable charge rearrangement and
chemical reactions can occur (ii) sampling and representing a large conformational space,
and (iii) dealing with structure motifs that can only be represented by unit-cells containing
hundreds of atoms. Pioneering work that used density-functional theory (DFT) to study
amino-acid at inorganic substrates has focused on small or rigid amino acids, and a limited
portion of their conformational space [15–19]. One of the first studies that was dedicated to
larger amino acids was performed by Hong and coworkers [20] and illustrates the challenge
of properly sampling the large structure space of flexible biomolecules. These studies have
clarified that an accurate energy function is only one of the ingredients needed to properly
predict the structure of peptides at surfaces, with the sampling of structure space being just
as important.
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We propose to analyze how the structure space of a complex building block with multiple
functional groups is affected by changes in its (non-biological) environment. To achieve this
goal, we analyze a database of the arginine (Arg) amino-acid and its protonated counterpart
(Arg-H+) in the gas-phase and interfaced with Cu(111), Ag(111) and Au(111). Arginine is
a good test bed because it is a relatively small molecule, but yet contains a very flexible
side-chain and allows for different stable protonation states. We show that it is possible to
perform an exhaustive conformational space exploration while still treating the potential-
energy surface (PES) with DFT, thus capturing the charge rearrangements at the interface.
The outcome of such a computational structure-search is a large number of stationary-states
on the respective PES, where not only the global minimum is of interest. Also the relative
positioning of other local minima with respect to the structural degrees of freedom, as well
as with respect to the energy scale of the PES, are relevant because they can reveal different
basins and structures of interest under different conditions [21–25]. In order to handle such
high-dimensional data, we make use of recent advances in machine-learning methods that
can help to visualize conformational preferences of adsorbed molecules [26–31].
In the following, we discuss the impact of the protonation state and the presence or
absence of the surface on the accessible conformational space of arginine. We start by de-
scribing the procedure we followed to build the database of Arg and Arg-H+ on Cu(111),
Ag(111), and Au(111), based on thousands of first-principles structure optimizations which
we make available to the community [32]. We then analyze this database and show how dif-
ferent patterns of bonding and charge transfer induce fundamental changes in the accessible
conformational space. We also provide an analysis of property trends across the different
metallic surfaces, including protonation-dependent stereoselective binding to the surfaces
and deprotonation propensities.
II. COMPUTATIONAL METHODS
Arginine is an amino acid with a flexible side-chain of three (aliphatic) CH2 groups and
a guanidino group. A depiction of the Arg molecule including the labeling of the different
chemical groups and specific atoms we will refer to in the manuscript is shown in Fig. 1(a).
In the context of this publication we use the term protonation state to distinguish between
Arg and its singly-protonated form Arg-H+. We use the word protomers to distinguish
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FIG. 1. a) Pictorial representation of the arginine amino acid, including labels of chemical groups
and atoms. b) Protomers of Arg that are addressed in this work. c) Protomers of Arg-H+ that are
addressed in this work.
different arrangements of protons within molecules of the same sum formula, for example
the protomers P1 to P5 of Arg or the protomers P6 and P7 of Arg-H+, shown in Fig.
1(b) and (c). In this section, we describe the computational setup, convergence tests, and
sampling strategies we employed in order to build the database of Arg and Arg-H+ adsorbed
on different metal surfaces.
All the electronic structure calculations were carried out using the numeric atom-centered
basis set all-electron code FHI-aims [33, 34]. We used the standard light settings of FHI-aims
for all species, except when stated otherwise. For modeling the adsorbed molecules, a 5× 6
surface unit cell with 4× 4× 1 k-point sampling was employed. The slab contains 4 layers
and we added a 50 A˚ vacuum in the z direction in order to separate periodic images of the
system. A surface unit cell of this size does not completely isolate neighboring molecules
on the surface plane. In order to estimate the magnitude of this spurious interaction, we
calculated binding energies for three Arg and three Arg-H+ structures adsorbed on Cu(111)
using different surface unit cell sizes. As shown in the SI (Tables S3 and S4), the relative
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binding energies change by no more than 50 meV when reaching a 10× 12 cell.
An accurate description of the dispersion interactions that play a role in weakly-bonded
adsorbates on metallic surfaces can be achieved with newly-proposed methods that take
into account electronic screening and the the many-body nature of the dispersion term
[35]; however, such methods are not yet computationally feasible for large-scale studies.
Considering dispersion interactions is, however, crucial to model such interfaces [36–43]. We
thus employ the PBE exchange-correlation functional augmented by the TS-vdWsurf [36]
dispersion correction between pairs of atoms that involve the adsorbed molecule (molecule-
molecule and molecule-surface dispersion). Adding pairwise vdW corrections for pairs of
metal atoms did not result in a systematic improvement of the lattice constants due to the
complex many-body nature of the electronic screening within the metallic bulk. Because the
PBE lattice constants for Cu, Ag, and Au are in good agreement with experimental data
(see Table S1 of the SI) and the electronic structure itself is not changed by the inclusion
of these types of vdW interactions, we chose to use the simplest setup. We optimized all
structures until all forces in the system were below 0.01 eV/A˚ . We also fixed the two bottom
layers of the slabs in all optimizations. A dipole correction was applied in z direction to
compensate for the dipole formed by the asymmetric surface configurations.
A. Database Generation
The sampling of the structure space of the amino acid in two protonation states on
metallic surfaces was performed by starting from a previously published data-set comprising
stationary points of isolated amino acids and dipeptides [21, 44]. For Arg, 1206 structures
were present in the database. In order to reduce the number of possibilities, but keeping a
representative share of the structures, we considered the 300 lowest energy conformers, the
27 highest energy conformers, and 125 conformers uniformly spanning the energy range in
between. For the Arg-H+ amino acid, all 215 structures present in the gas-phase data set
were used in this study.
We distinguish upstanding positions of the molecules where the largest principal axis of
the molecule is approximately perpendicular to the surface plane, from flat lying positions
with an arrangement parallel to the surface. For Arg, 3 lying configurations per structure
were generated by randomly placing the molecule flat on the Cu(111) surface and then
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FIG. 2. (a-d) Correlation plots of relative energies of Arg or Arg-H+ conformers on Cu, Ag, and
Au (111) surfaces. Each dot corresponds to the same conformer optimized on the two surfaces
addressed in each panel, color coded with respect to the RMSD (heavy atoms only) between the
superimposed optimized structures without taking surface atoms into consideration. (e) Binding
energies of Arg and Arg-H+ on Cu(111), Ag(111) and Au(111) surfaces.
rotating it by 120◦ around the principal axis. Two upstanding configurations were generated
for the 25 lowest-energy gas-phase structures by first placing the molecule in a random
upright orientation and then flipping it. For Arg-H+ a similar procedure was adopted:
flat lying positions were created by 90◦ rotations around the principal axis and upstanding
configurations were created for 27 structures that were uniformly selected from the whole
energy range. In summary, we considered a total of 1156 conformers of Arg@Cu(111) and
914 conformers of Arg-H+@Cu(111).
All optimized structures that fell within a range of 0.5 eV from the global minimum on
Cu(111) were transferred to Ag(111) and Au(111) and further optimized. In addition, we
randomly picked 105 Arg-H+ structures representing the higher energy range on Cu(111) to
be further optimized on Ag(111) and Au(111). Moreover, for Arg, 180 randomly picked
structures representing the higher energy range were considered on Ag(111) and 61 on
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TABLE I. Number of calculated Arg and Arg-H structures in isolation and adsorbed on Cu(111),
Ag(111) and Au(111).
Gas phase Cu(111) Ag(111) Au(111)
Arg 1206 1156 327 209
Arg-H+ 215 914 718 721
Au(111). The total amount of calculated structures for each case is summarized in Ta-
ble I.
We checked that this strategy ensured a sufficient sampling of the low-energy range of
both Arg and Arg-H+ on Ag(111) and Au(111) by analyzing the alterations in relative energy
hierarchies on the different surfaces. In Fig. 2(a-d) each dot corresponds to a conformer that
was optimized first on the Cu(111) surface and then post-relaxed on Ag(111) or Au(111).
Within the lowest 0.5 eV range, we do not observe any significant rearrangement of the
energy hierarchy with respect to the Cu(111) surface. The energy hierarchies of both Arg
and Arg-H+ on the Ag(111) and Au(111) surfaces are almost identical. The most pronounced
outliers in all plots correlate with a higher root mean square displacement (RMSD) of the
molecular atoms (i.e. disregarding the surface-adsorption site), thus pointing to a structural
rearrangement of the molecule.
B. Structure space representation and analysis
We analyse the structure space of all systems considered, as well as its alterations by
employing a dimensionality reduction procedure that makes it more intuitive to understand
the high-dimensional space. Following Ref. [31], we represent the local atom-centered en-
vironments of the structures through the smooth overlap of atomic positions (SOAP)[30]
descriptors. We then obtain the similarity matrix between different conformers with the
regularized entropy match kernel (REMatch) [29]. We used SOAP descriptors with a cutoff
of 5.0 A˚, a Gaussian broadening of σ = 0.5 A˚ and an intermediate regularization parameter
γ=0.01. SOAP kernels were calculated only for heavy atoms in the molecule (disregarding
metal and hydrogen atoms) and were obtained using the GLOSIM package [29, 45].
For the dimensionality-reduced representation, we here chose to use the multi-dimensional
scaling (MDS) algorithm as implemented in the scikit-learn package[46]. This algorithm
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is similar to the Sketchmap algorithm previously employed in Ref. [31], but we found it
more suitable for the data at hand, which is composed of decorrelated local stationary-
points, instead of structures generated from molecular dynamics trajectories. In short, the
low-dimensional map was obtained considering all calculated structures of Arg in the gas-
phase and through minimizing the stress function
σ =
∑
i 6=j
(Dij − dij)2, (1)
where Dij is the similarity between structures i and j in the high-dimensional space and dij
the Cartesian distance in the low-dimensional (2D) space. We then projected structures in
different environments onto the pre-computed map of gas-phase Arg by fixing the parameters
of the map and finding the low-dimensional coordinates x that minimize
σP (x) =
NArg∑
i=1
(|X −Xi| − |x− xi|)2 (2)
where the sum runs over all structures in the optimized gas-phase Arg map and X represents
the high-dimensional representation of the new structure to be projected. In order to classify
structural patterns, we employ the following notations:
• We represent the protomers by the labels shown in Fig. 1(b) and (c).
• We identify the presence of strong intramolecular hydrogen bonds (H-bonds) whenever
the distances between the hydrogen connecting donor and acceptor are below 2.5 A˚.
We label the H-bond pattern between two atoms in the molecules according to the
nomenclature shown in Fig. S3 in the SI.
• We further classify the structures according to the longest distance between two heavy
atoms in the molecule.
C. Binding energies and charge rearrangement
The binding energies for each structure were calculated as follows. For neutral Arg we
computed Eb = Emol@surf−Esurf−Emol, where Emol@surf corresponds to the total energy
of the interface, Esurf is the total energy of the pristine metallic slab and Emol the total
energy of the lowest energy gas-phase conformer.
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For charged Arg-H+, we considered the binding energy of a two-step reaction. First, the
interface is formed between the charged molecule and the clean surface: Eb1 = Emol+@surf−
Esurf−Emol+ , where Emol+ the total energy of the most stable gas-phase conformer of the
isolated charged molecule. Second, an electron from the metal neutralizes the unit cell where
the adsorbed molecule is located, yielding Eb2 = Emol@surf − Emol+@surf − Ef , where Ef
corresponds to the Fermi energy of the metallic surface. The final binding energy is thus
considered to be
E+b = Eb1 + Eb2 = Emol@surf − Esurf − Ef − Emol+ . (3)
For reference, we report the values we used for Ef at each surface in Table S5. These binding
energies are shown in Fig. 2d, and will be discussed in detail in Section III.
In addition, for conformers within 0.1 eV of the respective global minimum of each system,
we have calculated free energies at finite temperatures within the harmonic approximation
[47, 48], in order to address question about thermal stability of such structures. We have
calculated Fharm(T ) = EPES+Fvib(T ), where EPES is the total energy obtained from DFT,
and we have used textbook expressions for the harmonic vibrational Helmholtz free energy
Fvib(T ). We have calculated the Hessian matrix only taking into account displacements
of the adsorbate. The surface was only considered as an external field, which is a good
approximation for physisorbed systems.
To address charge rearrangements after adsorption on the surface, we calculated electron
density differences for selected structures on each surface by computing ∆ρ = ρmol@surf −
ρsurf− ρmol, and in the case of Arg and ∆ρ(+) = ρmol@surf− ρsurf− ρmol(+) , in the case of
Arg-H+. In these expressions, ρmol@surf is the total electron density of the interface, ρsurf is
the electron density of the slab without molecule, and ρmol and ρmol+ are electron densities
of neutral Arg and charged Arg-H+ molecules with the same geometries as in interface.
The + sign denotes that the final density difference integrates to +1 electron in the case of
Arg-H+.
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FIG. 3. Low-dimensional map of Arg stationary points on the PES. Only points linked to structures
with a relative energy of 0.5 eV or lower are colored. Representative structures of all conformer
families are visualized as well as their H-bond distances (in turquoise) and longest distance between
two heavy atoms (in red) of the molecule. The maps are colored with respect to a) relative energy,
b) longest distance, and c) H-bond pattern. The size of the dots also reflect their relative energy,
with larger dots corresponding to lower energy structures.
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III. RESULTS AND DISCUSSION
A. The unconstrained structure space: Arg in isolation
We start by analysing the unconstrained conformational space of Arg in isolation, which
is formed by more than 1200 local stationary states [21, 44]. In order to rationalize different
structural arrangements in this space, we utilize the dimensionality-reduction algorithm
discussed in Section II B and build a two-dimensional map. On this map, shown in Figure
3(a), each dot represents one structure. A close proximity of the dots implies similarities of
the heavy-atom arrangement between the conformations. This is the low-dimensional map
that is taken as a reference for comparison throughout this manuscript.
We proceed to color-code the dots on the map according to different properties. In Fig.
3(a) we show the map colored by the relative energy of each structure with respect to the
global minimum ∆Erel. We only color structures with ∆Erel < 0.5 eV. The region with
∆Erel < 0.1 eV is colored red and is represented by 32 different structures that occupy
different parts of the map. The dominant protomer (98.6%) among these conformers is
the one labeled P1 in Fig. 1, i.e. non-zwitterionic. However, the lowest energy structure,
labeled a in panel (a) of Fig. 3, is protomer P3, with a shared proton between the carboxylic
and the guanidino group. This structure is compact, with the longest distance within the
molecule of only 5.01 A˚ and presenting two strong intramolecular H-bonds. Zwitterionic
protomers, denoted as P4 and P5 in Fig. 1, do not appear in the gas-phase.
Inspecting the map in Fig. 3(a), it is clear that low-energy conformers are almost exclu-
sively present in the upper hemisphere of the plot. This can be rationalized in terms of the
structural motifs that occupy these two halves of conformational space: In Fig. 3(b), we
color-code the dots in terms of the longest extension of the conformers. While the upper
hemisphere features compact structures, the lower hemisphere of the map is populated by
extended conformers (with longest extensions between 7.5 A˚ and 10.0 A˚). Many of them
do not contain any H-bond or contain only one H-bond between the carboxyl and amino
group. Extended conformers of Arg are energetically unfavoured in the gas-phase as the
formation of strong H-bonds is crucial for the stabilization of Arg in isolation. Comparing
the different plots in Figure 3, we see that all low-energy structures with ∆Erel < 0.1 eV are
indeed compact with one or two H-bonds.
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In Fig. 3(c), we identify in total 13 different families with respect to the number and
character of H-bonds in the molecule, with ∆Erel < 0.5 eV. Representative structures of
all families are shown in panel (a). This family classification helps us understand why in
Fig. 3(a) there are structures of higher energies at similar regions as structures with lower
energies. Even though these structures are typically in the same protomeric state and have
a similar arrangement of the heavy-atoms, the carboxyl group can rotate, giving rise to
different H-bond patterns. These different arrangements can give rise to energy differences
of up to 0.2 eV, as exemplified in Fig. S4 in the SI. Including hydrogens in the SOAP
descriptors used to build the 2D map could provide a better energy separation, but it would
prevent us from comparing different protonation states, as shown in the next section.
B. Adding a proton: Arg-H+ in isolation
Arg-H+ is of particular interest as it is the most abundant form of this amino acid under
physiological pH conditions [49], and we thus investigate changes of the conformational
space introduced by the addition of a proton to the Arg amino-acid. To that end, we plot a
projection of all stationary points of the Arg-H+ PES with ∆Erel < 0.5 eV (referenced to its
own global minimum) onto the map that was previously created for Arg. In Fig. 4(a), we
color the dots in the map according to ∆Erel, in Fig. 4(b) according to the longest distance
between heavy atoms in the molecule, and in Fig. 4(c) according to the H-bond pattern.
The grey dots in the maps represent all points in the Arg map of Figure 3 and are shown
for ease of comparison.
The unique conformation types of Arg-H+ can be grouped into 8 different families in
this energy range, which are represented in Fig. 4(a). Most families only have one H-bond
and there are no zwitterionic protomers. This means that in isolation only the protomer
P6 is populated. It is worth noting that under physiological conditions (in solution), the
zwitterionic protomer P7 is preferred.
There are only two very similar structures (same family) with ∆Erel < 0.1 eV in this case.
The global minimum, labeled a in Fig. 4(a), contains two H-bonds within the molecule,
between atoms N-Nε and O1-Nη (see Fig. 1). This particular structure resembles the
lowest-energy structure of Arg with a proton added to the carboxyl group. This protonation
results in an extension of the molecule by around 1 A˚. That correlates with the location of
12
FIG. 4. Representative conformers of the populated structure families within 0.5 eV of the global
minimum of isolated Arg-H+ and low-dimensional projections of all populated conformers onto the
Arg map. Grey dots represent all structures from the original map of isolated Arg in Figure 3, and
serve as a guide to the eye. The maps are colored with respect to a) relative energy, b) longest
distance within the molecule, and c) H-bond pattern.
the lowest-energy structure being slightly shifted on the map towards the region containing
more extended structures.
We note that the structure space of Arg-H+ is contained within the conformational space
of Arg and also drastically reduced in numbers if compared to Arg: There are only 108
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structures with ∆Erel < 0.5 eV, compared to 1179 structures in the Arg case. In this energy
range, regions of the map with very compact and very extended structures are not populated
in this protonation state. This can be traced to the constraint imposed by the addition of the
proton, that make extended structures less stable due to the strong driving force to neutralize
the charge imbalance created by the proton on the guanidino group. To rationalize why the
most compact conformers are also less populated, we show in Fig. 5 the electron-density
differences between the lowest energy Arg-H+ conformer and an Arg conformer created by
fixing the same Arg-H+ structure, but neutralizing the charge and removing the hydrogen
connected to the carboxyl group. This modification yields the same covalent connectivity
observed in the global minimum of Arg. We show isosurfaces corresponding to electron
accumulation in Arg-H+ in red and electron depletion in Arg-H+ (accumulation in Arg) in
blue. We observe a density surplus between the O1 and Nη atoms in Arg, favoring the
formation of a stronger H-bond leading to a more compact structure.
FIG. 5. Electron density difference between Arg-H+ and Arg calculated by neutralizing the charge
and removing the hydrogen connected to the carboxyl group (marked in green) from the lowest
energy structure of Arg-H+. The isosurfaces of electron density with value ±0.005 e/Bohr3 corre-
sponding to the a) regions of electron accumulation on Arg-H+ and b) where the electron depletion
on Arg-H+, both compared to Arg.
C. Adsorption of Arg on Cu, Ag, Au (111) surfaces
We now turn to the analysis of the conformational space of Arg when in contact with metal
surfaces, namely Cu(111), Ag(111), and Au(111). In Figure 6, we show map-projections of
the stationary points with ∆Erel < 0.5 eV (referenced to each respective global minimum)
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FIG. 6. Low-dimensional projections of conformers of Arg adsorbed on a) Cu(111), b) Ag(111),
and c) Au(111), onto the gas-phase Arg map of Fig. 3. Only conformers within 0.5 eV from the
respective global minimum are colored. Grey dots represent all structures from the original map
of gas-phase Arg, and serve as a guide to the eye. In each panel, representative structures are
shown from two perspectives: a side view where molecule and surface are shown (bottom), and the
corresponding top view (top) where only the molecule is shown. The longest distance within each
visualized conformer is reported in red and H-bond lengths are reported in turquoise.
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of Arg adsorbed on the three surfaces. The conformational space of Arg upon adsorption
is reduced and the conformers occupy similar regions of the map as the ones from Arg-H+.
We will learn in the following that this is mainly due to the formation of strong bonds with
the surface that result in steric constraints of the space and also partially due to electron
donation from the molecule to the metallic surfaces.
The lowest energy structure lies on the same part of the map on all surfaces, which is
different from the area where the gas-phase global minimum of Arg was located. These
conformers, labeled a in Figure 6(a), (b) and (c) form a strong H-bond between atoms O1
and N. The longest distance within molecule lies between 7.20-7.35 A˚. This structure binds
most strongly to all three surfaces through its amino and carboxyl groups.
Other low-energy structures in all surfaces form strong bonds to the surfaces only through
the carboxyl group, as exemplified by the structure labeled b in all panels of Fig. 6. These
bonds are formed most favorably on top positions, i.e. vertically on top of a surface metal
atom. In particular for Cu(111), the atomic spacing of the Cu atoms on the surface favors
both oxygens to bind on top positions simultaneously.
The favorable formation of these bonds is connected with the fact that all conformers with
∆Erel < 0.2 eV are in the protomeric state P3, in which the carboxyl group is deprotonated.
The bonds to the surface and a favorable vdW attraction effectively flatten the molecular
conformation, thus energetically favoring more elongated structures. Protomers of type P1,
which was dominant in the gas-phase, only appear with ∆Erel > 0.3 eV on Cu and Ag, and
with ∆Erel > 0.2 eV on Au. Protomers P4 and P5 are again not observed. Regarding the
intramolecular H-bond patterns, within 0.5 eV from the global minimum we can identify 7
different families on Cu(111), and 6 families on both Ag(111) and Au(111). These families
contain H-bonds where the carboxyl group predominantly participates. All families are
represented in Table S4 in the SI.
D. Adsorption of Arg-H+ on Cu, Ag, Au (111) surfaces
Finally, we characterize the conformational-space changes arising from the simultaneous
addition of a proton and the adsorption onto metallic surfaces. In Figure 7, we show the
projection of Arg-H+ conformers adsorbed on Cu, Ag, and Au(111) onto the map of isolated
Arg. These projections, in particular the comparison of the plots in Figs. 6 and 7, reveal
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FIG. 7. Low-dimensional projections of conformers of Arg-H+ adsorbed on a) Cu(111), b) Ag(111),
and c) Au(111), onto the gas-phase Arg map of Fig. 3. Only conformers within 0.5 eV from the
respective global minimum are colored. Grey dots represent all structures from the original map
of gas-phase Arg, and serve as a guide to the eye. In each panel, representative structures are
shown from two perspectives: a side view where molecule and surface are shown (bottom), and the
corresponding top view (top) where only the molecule is shown. The longest distance within each
visualized conformer is reported in red and H-bond lengths are reported in turquoise.
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that the conformational space of adsorbed Arg-H+ is larger than the one of adsorbed Arg.
While Arg-H+ features more than 500 conformers within ∆Erel < 0.5 eV, Arg only counts
about 150 conformers in the same energy range. Interestingly, the adsorption of Arg-H+
to a metal surface also results in an increase of the occupied structure space in comparison
to isolated Arg-H+ (108 structures with ∆Erel < 0.5 eV), shown in Fig. 4. In fact, the
structures occupy similar regions of the map as the ones occupied by Arg-H+, with the
addition of extended structures that are located in the bottom of the map.
We identify 4 different families on Cu(111) and 3 on Ag(111) and Au(111) with ∆Erel <
0.1 eV. Representative conformers of these families are shown in Fig. 7. The lowest energy
conformer, labeled a in Fig. 7(a)-(c), appears on all surfaces at the same region of the map
as for adsorbed Arg. The largest distance within the molecule lies around 7 A˚ and it also
has a strong H-bond linking the carboxyl-O and the Nε atoms. The structure, however,
does not present the same orientation to the surface as compared to the lowest energy
conformer of Arg, and does not form strong bonds with the surface. With the exception of
the extended structure on Cu(111), labeled d in Fig. 7(a), all conformers with ∆Erel < 0.1
eV on all surfaces contain one intramolecular H-bond involving either carboxyl-O and Nε
atom (labeled a), backbone N and Nε atoms (labeled b) or carboxyl O and a Nη atom
(labeled c). Compared to adsorbed Arg, adsorbed Arg-H+ structures become on average
1.0 A˚ more extended (see SI). The guanidino and carboxyl groups often lie parallel to the
surface. The protomer P6, the only one present in the gas-phase, is dominantly populated
also on the surfaces. However, we do observe very few conformers in the zwitterionic P7
state. These structures are at least 0.2 eV higher in energy than than the global minimum.
With respect to the number of bonds that Arg-H+ forms with the surface, the picture
is very different from adsorbed Arg. Within the lower 0.15 eV, we do not observe short
(strong) bonds of O or N atoms to the surfaces. This lack of constraint by the surface
contributes to the increased structure space of adsorbed Arg-H+. In addition, the molecule
accepts electrons from the surface, becoming less positively charged, as we discuss in detail
in the next section. We conclude that Arg-H+ interacts with the metallic surfaces mostly
through van der Waals and electrostatic interactions.
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E. Electronic structure and trends across surfaces
In the previous sections we focused on structural aspects of the adsorbed molecules and
the most prominent bonds the molecules make with the metallic surfaces. In the following, we
will discuss different aspects of the molecule-surface interactions with the goal of identifying
trends across these systems.
The binding energies for all surfaces were calculated as discussed in Section II C. The
larger negative values in Fig. 2(d) correspond to stronger binding of the molecule to the
surface. In the case of adsorbed Arg, many conformers bind to Cu more strongly than to Ag
and Au. As mentioned previously, Arg forms strong bonds to the surfaces, but the binding
of the deprotonated carboxyl group of Arg to the Cu(111) surface is geometrically favored as
discussed above. In the case of adsorbed Arg-H+, there is no pronounced difference in binding
strengths to the surfaces and the values are comparable to binding energies obtained for Arg
adsorbed on Cu(111). This correlates with the observation that the interaction of Arg-H+ to
the surfaces happens mostly through dispersion and electrostatic interactions. Despite the
strong binding to the surface, it is also visible in Fig. 2(a) that the interaction of Arg-H+
with the surface does not strongly template the conformations of this molecule, implying
a low corrugation (i.e. homogeneity) of the molecule-surface interaction and allowing for a
larger variety of conformers with similiar energies. This is in contrast to the molecule-surface
interation of Arg, that is more inhomogeneous due to the formation of bonds through specific
chemical groups. Additionally, we have estimated harmonic vibrational free energies for all
conformers with ∆Erel < 0.1 eV in each surface. In contrast to what has been reported
for longer helical peptides [22, 24], the global minimum remains the same in all cases, as
reported in Fig. S6 in the SI. For Arg-H+ we observe relative energy rearrangements of up
to 50 meV at 300 K, which changes the relative energy hierarchy of conformers less stable
than the global minimum.
We then focus on the distance between the molecule and the surfaces. We define this
quantity by measuring the distance of the center of mass (COM) of the molecule with respect
to the surface plane defined by the top layer of surface atoms. These distances are collected
in Fig. 8. The COM is closer to Cu(111) than to Ag(111) and Au(111) for both Arg
and Arg-H+. In addition, in all surfaces, Arg lies closer than Arg-H+, in agreement with
the observation that Arg forms stronger bonds to the surface. The extended structures of
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FIG. 8. Low dimensional projections of adsorbed Arg and Arg-H+ on Cu(111), Ag(111) and
Au(111) color-coded with respect to the distance of the center of mass of the molecule with respect
to the surface. Grey dots represent all structures from the original map of isolated Arg where the
projection was made, and serve as a guide to the eye.
Arg-H+, at the bottom of the maps, tend to be closer to the surface than those that have
H-bonds within the molecule, likely due to the stronger vdW attraction to the surface by
extended conformations.
The differences in COM distance to the surfaces between Arg and Arg-H+ are apparently
related to the preferred orientation of the chiral center of the molecule to the surface. The
chiral Cα carbon can point its bonded hydrogen towards the surface (labeled down in the
following), or towards the vacuum region (labeled up in the following). Examples of different
molecular orientation are shown in Fig. 9(a). The dominant orientation with respect to the
surface is different in the cases of Arg and Arg-H+, as evidenced by the numbers presented
in Fig. 9(b). The lower energy structures are mostly in the up orientation for Arg and
mostly in the down orientation for Arg-H+ (see also map in Fig. S7). As discussed in the
previous sections, despite showing different orientations of their CαH groups, the lowest en-
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FIG. 9. Orientation of the CαH group in a) up orientation (hydrogen pointing towards vacuum)
and b) down orientation (hydrogen pointing towards the surfaces). c) The amount of structures
with up and down orientation within 0.1/0.5 eV from the global minimum of each surface.
ergy structures for both molecules adsorbed on each surface have very similar conformations.
Since the addition or removal of a proton can apparently alter the preference of the chiral-
center orientation, we propose that it could template different chiralities of self-assembled
super-structures on the surface [50].
We then investigated the rearrangement of the electronic density upon binding of the
molecules to the different surfaces. In Fig. 10 we show the electronic density rearrangement
created by the lowest energy conformer at each surface, integrated over the axis parallel
to the surface, overlaid on the side-view of the 3D density rearrangement. In addition, we
show a top view of the density rearrangement in each case. Examples of further conformers
are summarized in the SI, Figs. S8-S13. The data shows that Arg donates electrons to the
surface, while Arg-H+ accepts electrons from the surface. We have checked this propensity
for selected conformers by integration of the electronic density rearrangement around the
molecule and by calculating the Hirshfeld charge remaining on the molecule for the full
database (see SI, Table S6). When comparing Hirshfeld charges on the molecule and those
obtained from the electronic density rearrangement, we observe that Hirshfeld charges are
always 0.3-0.5 e underestimated. In addition, we observe that the depletion and accumula-
tion of charge is not uniform through the lateral extension of the molecule. This behavior
is consistent with the level alignment predicted by the PBE Kohn-Sham energy levels, as
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shown in Fig. S14 in the SI. However, we note that quantitative values of charge transfer are
often inaccurate at this level of theory, as characterized in Refs. [51, 52]. Optimally tuned
range-separated hybrid functionals would yield more accurate values, but their computa-
FIG. 10. Electronic-density difference averaged over the directions parallel to the surface for
the lowest energy conformers of Arg adsorbed on Cu(111) (a), Ag(111) (b), and Au(111) (c), as
well as of Arg-H+ adsorbed on Cu(111) (d), Ag(111) (e), and Au(111) (f). Positive values (red)
correspond to electron density accumulation and negative values (blue) correspond to electron
density depletion. In each panel, we also show a side and top view of the 3D electronic density
rearrangement. Blue isosurfaces correspond to an electron density of +0.05 e/Bohr3 and red
isosurfaces to -0.05 e/Bohr3.
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tional cost is prohibitive for the use in this whole database. Nevertheless, hybrid-functional
calculations of selected conformers (see SI, Fig. S15) confirm the qualitative trend. There-
fore, we conclude that the protonation state again critically impacts these systems, in this
case by qualitatively changing the redistribution of electronic charge.
FIG. 11. Energy differences upon hydrogen dissociation for selected conformers (see text and SI)
of Arg and Arg-H+ on all metallic surfaces. ∆E = Edep − E, where Edep is the total energy of
the dissociated structure after optimization (including the adsorbed hydrogen) and E the energy
of the optimized intact structure. A negative ∆E indicates that deprotonation is favored.
It was observed experimentally that amino acids can undergo deprotonation on reactive
surfaces [53–58]. Here we also investigated whether deprotonation of Arg and Arg-H+ was
favorable on any of the surfaces studied here, the details of the procedure can be found in
the SI. The results are summarized in Fig. 11. They show that deprotonation of Arg-H+
is favorable in Cu(111), such that Arg-H+ would be predominantely deprotonated. The
population of deprotonated Arg on Cu(111) could reach about 0.1% of the molecules at
room temperature, from a simple Arrhenius estimation. Given that we have not observed
any spontaneous dissociation upon optimization of Arg-H+ on Cu(111), we conclude that,
although favorable, this dissociation of H does not occur without a barrier. In all other
surfaces, the barrier for dissociation would be rather high for both molecules.
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IV. CONCLUSIONS
In this paper, we have characterized the conformational space of the arginine amino
acid in its neutral and protonated form in different non-biological environments, i.e. in
isolation and in contact with metallic surfaces. In particular, we have analyzed how and
why different parts of the conformational space become accessible or excluded depending on
the protonation state and the environment, showing the importance of bond formation and
charge rearrangement in these systems.
This study included the construction of a database based on thousands of structures
optimized by density-functional theory including dispersion interactions. The construction
of this database is a result in itself. We found, for example, that it is advantageous to
start from a comprehensive sampling of the conformational space of the least-constrained
molecular form, which in our case was the neutral Arg amino acid in the gas-phase. This
is evidenced by the fact that in our low-dimensional projections, all low-energy conformers
we observe on the surfaces, for both Arg and Arg-H+ lie among structural conformations
that were already present in the gas-phase sampling of Arg, albeit often with high relative
energies. In addition, we find that within Cu, Ag, and Au surfaces, relative energies between
different conformers are largely preserved when changing the substrate.
In recent years much effort has been invested in developing and improving classical force
fields (FF) for simulation of organic-inorganic interfaces, including peptides on surfaces [59–
61]. However, as we discuss in the SI, the existing force fields are not accurate for these
scenarios where amino acids are in contact with metal surfaces and under vacuum conditions.
Nevertheless, these situations are extremely relevant for scanning tunneling microscopy ex-
periments [11–13, 62] and other technological applications [1, 2]. As we illustrate in the SI,
even though these force-fields can sample the relevant areas of conformational space, they
are not able to capture consistent energy hierarchies. Additionally, the molecular chemical
groups show a preference to adsorb on different surface sites, which could have considerable
impact on self-assembly studies. Databases such as this one will serve as an important source
of data for further parametrization and improvement of these potentials.
Regarding the structural space of Arg and Arg-H+ adsorbed on (111) surfaces of Cu, Ag
and Au, we have learned the following: The adsorption of Arg leads to the formation of strong
bonds to the surface that involve mostly the carboxyl and amino groups. This stabilizes
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the protomer that we label P3 in this work, where the carboxyl group is deprotonated and
the side chain is protonated. This is different to the dominant protomer in the gas phase
P1. The bonds to the surface sterically constrain the conformations of this molecule, thus
decreasing the amount of structures with respect to the numbers observed in the gas phase.
The molecule also donates electrons to the surface, becoming slightly positively charged. We
do not observe fully extended structures lying on the surface and most conformers exhibit
intramolecular H-bonds. The majority of conformers of Arg in the low-energy region adsorbs
with the CαH chiral center pointing the hydrogen atom away from the surfaces.
Arginine in its protonated form, i.e. Arg-H+ is the most abundant form of this amino-acid
in biological environments, where it typically adopts the zwitterionic protomer P7. In the
gas-phase, we observe that the non-zwitterionic state P6 is dominant and that the addition
of the proton decreases the number of allowed conformations with respect to isolated Arg
due to the added electrostatic interactions, and the passivation of the carboxyl group that
would otherwise be involved in intramolecular H-bonds. Upon adsorption to the metallic
surfaces, we observe that the protomer P6 is still dominant and that there are no strong
bonds formed to the surface. In addition, this molecule receives electrons from the surface,
thus becoming less positively charged. Both effects conspire to yield a homogeneous (flat)
molecule-surface interaction and a relatively high population of different structures in the
low-energy range. Contrary to Arg, most low-energy conformers of Arg-H+ adsorb with the
Cα-H chiral center pointing the hydrogen atom towards to the surfaces. Finally, through
the calculation of dissociation energies, we also conclude that the deprotonation of Arg-H+
is energetically favorable only on Cu(111).
Our observations regarding the preferred protomers and deprotonation propensities dis-
cussed above are consistent with the observations in the literature that the adsorption of
amino acids in their anionic and deprotonated form is common on reactive metals like
Cu(111) [8]. One pronounced difference that we find among surfaces is the average adsorp-
tion height of the molecules: They follow the trend Cu(111) < Ag(111) < Au(111), and Arg
is always closer than Arg-H+ to the same respective surface.
The set of electronic-structure calculations presented here show that a flexible amino-acid
like Arginine presents a rich conformational space involving different protomeric states and
molecule orientations with respect to the surface, allied to a complex charge rearrangement.
Going forward, it is clear that the likes of this study based solely on DFT cannot become
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a routine method due to the elevated computational cost. Addressing the whole breadth of
amino acids as well as self assembly of these structures on surfaces will profit from this study
as a benchmark and a means to develop models, possibly based on different machine-learning
techniques [63–69], that can bypass the cost of thousands of DFT structure optimizations.
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I. DETAILS OF THE CALCULATIONS
For Cu, Ag and Au, the bulk lattice constants were determined by optimizing the fcc unit
cell. The convergence criteria were set to 0.001 eV/A˚ for the final forces, 10−4 e/Bohr3 for the
charge density, and 10−5 eV for the total energy of the system. A 30×30×30 k-grid mesh was
used for the sampling of the Brillouin zone. Relativistic effects were considered by the zeroth
order regular approximation (ZORA) [1, 2]. The values obtained with the PBE functional[3]
are in good agreement with previous works [4, 5] and are shown in Table I. In that Table, we
compare these values with lattice constants obtained when including pairwise van der Waals
dispersion from the original Tkatchenko-Scheffler scheme (+vdW)[6] and from the one that
includes an effective electronic screening optimized for metallic surfaces (+vdWsurf)[7][8].
TABLE I. Lattice constants (in A˚) of bulk metals determined with the PBE, PBE+vdW and
PBE+vdWsurf functionals (light settings).
Method Cu Ag Au
PBE 3.633 4.156 4.157
PBE+vdW 3.545 4.077 4.114
PBE+vdWsurf 3.604 4.022 4.173
Exp 3.603 4.069 4.065
TABLE II. Fermi energies calculated with the PBE functional for the 4-layer slabs with (111)
surface orientation used in our calculations of the binding energies of Arg-H+ to the different
surfaces. All values in eV.
Cu Ag Au
Slab Ef -4.73 -4.30 -5.02
2
TABLE III. Relative binding energies (in eV) of relaxed Arg@Cu for different surface unit cell sizes
with a 8×8×1 k-grid for the cell sizes less than 10×12 and 4×4×1 for the 10×12 unit cell. All
numbers are reported with respect to the binding energy for the structure A modelled with a 5× 6
surface unit cell.
size A B C
5×6 0.000 0.011 0.216
6×6 -0.011 -0.013 0.190
6×7 -0.021 -0.030 0.174
10×12 -0.048 -0.053 0.151
FIG. 1. Structures that were used for the surface unit cell size convergence test of Arg@Cu. Image
unit cell size is 5× 6.
TABLE IV. Relative binding energies (in eV) of relaxed Arg-H+@Cu for different surface unit cell
sizes with a 8×8×1 k-grid for the cell sizes less than 10×12 and 4×4×1 for the 10×12 unit cell.
All numbers are reported with respect to the binding energy for the structure A modelled with a
5× 6 surface unit cell.
size A B C
5×6 0.000 0.080 0.035
6×6 -0.050 0.041 -0.017
6×7 -0.055 0.029 -0.033
10×12 -0.044 -0.007 -0.057
3
FIG. 2. Structures that were used for surface unit cell size convergence test for Arg-H+@Cu. Image
unit cell size is 5× 6.
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II. FAMILY CLASSIFICATION ACCORDING TO HYDROGEN BOND PAT-
TERNS
FIG. 3. Labeling of all H-bond patterns considered in this manuscript.
5
III. STRUCTURE SPACE REPRESENTATION
FIG. 4. Representative conformers with similar backbone structure but different H-bonds within
the molecule. The different H-bond pattern can cause energy differences of up to 0.2 eV for similar
structures, as discussed in the main text.
6
FIG. 5. Projection of Arg and Arg-H+ conformers adsorbed on the different metalic surfaces on
the low-dimensional map of gas-phase Arg, colored according to the H-bond pattern.
7
TABLE V. Number of different families within 0.1/0.5 eV energy range for different systems.
Arg Arg-H+ Arg Arg-H+
Atomnames Cu Ag Au Cu Ag Au
NO 0 /599 0/2 0/2 0/0 0/0 1 /162 0/124 0/98
N-Nε 0 /70 0/11 5/10 0/9 1/9 4 /80 3/79 3/77
N-Nη1 7 /87 0/20 0/11 0/12 0/13 0 /78 0/78 0/73
N-Nε, O1-Nη1 2 /11 2/4 1/2 2/6 4/6 0 /4 0/4 0/5
O1-Nε 2 /115 0/31 6/56 8/62 9/56 11/152 6/146 6/140
O1-Nη1 16/237 0/37 0/66 0/70 0/71 5 /135 4/115 5/109
O1-Nε, O1-Nη1 5 /27 0/2 0/1 0/1 0/2 0 /0 0/0 0/0
N-Nη1, O1-Nε 0 /5 0/1 0/0 0/0 0/0 0 /1 0/1 0/1
N-Nη1, O1-Nη1 0 /8 0/0 0/0 0/0 0/0 0 /0 0/0 0/0
N-Nε, N-Nη1 0 /8 0/0 0/0 0/0 0/0 0 /0 0/0 0/0
N-Nε, O1-Nε 0 /7 0/0 0/0 0/0 0/0 0 /0 0/0 0/0
N-Nη1, O1-Nη1 0 /2 0/0 0/0 0/0 0/0 0 /0 0/0 0/0
O1-Nη1, O2-Nη2 0 /3 0/0 0/0 0/0 0/0 0 /0 0/0 0/0
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IV. HARMONIC FREE ENERGIES
Free energies were calculated in the harmonic approximation [9, 10] for selected molecules
adsorbed on surfaces within 0.1 eV range.
F (T) = EPES + Fvib(T) + Frot(T),
where EPES is the total energy obtained with DFT (PBE+vdW
surf functional), and
Fvib(T) =
3N−6∑
i
[
h¯ωi
2
+ kBT ln
(
1− e−βh¯ωi
)]
,
where N is the total number of atoms in the molecule (metal atoms were not displaced and
were taken into account in external field), kB is Boltzmann constant, T is the temperature,
ωi are vibrational frequencies obtained by diagonalization of Hessian matrix with use of
developing version of phonopy-FHI-aims [11, 12] and
Frot(T) = −kBT ln
[√
pi
σ
(
8pi2IkBT
h2
)]
,
where I is the moment of inertia of the molecule obtained after diagonalization of the inertia
tensor of the molecule. For the adsorbed conformers, rotational contributions are completely
neglected since rotation around all principal axes of the molecule become internal vibrational
modes of the system.
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FIG. 6. Harmonic free energies calculated for adsorbed structures within the lowest 0.1 eV total-
energy range. EPES corresponds to the total energy of the system obtained at DFT level and
Fharm corresponds to the free energy of the system at 300 K calculated as described above.
10
FIG. 7. Low dimensional maps of Arg and Arg-H+ adsorbed on Cu(111), Ag(111) and Au(111)
color-coded with respect to the orientation of the CαH group. Blue correspond to up orientation
and red correspond to down orientation of the CαH group.
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V. CHARGE REARRANGEMENT WHILE ON THE SURFACE
TABLE VI. Calculated charge on the molecule with use of Hirshfeld partial charge analysis and
by integration of the electron density difference in the molecular region. Values are in electrons.
Conformations are depicted in the following Figures S8-13.
Conformer Hirshfeld Integral Conformer Hirshfeld Integral
Arg@Cu Arg-H+@Cu
a 0.11 0.19 a 0.29 0.85
b 0.03 0.30 b 0.30 0.85
c 0.04 0.31 c 0.31 0.84
d 0.08 0.26 d 0.43 0.88
e 0.01 0.24 e 0.46 0.85
f 0.11 0.30 f 0.38 0.82
Arg@Ag Arg-H+@Ag
a 0.04 0.15 a 0.28 0.83
b -0.08 0.23 b 0.30 0.83
c -0.03 0.24 c 0.31 0.82
d -0.06 0.21 d 0.43 0.86
e -0.13 0.16 e 0.46 0.85
f 0.05 0.14 f 0.36 0.86
Arg@Au Arg-H+@Au
a 0.06 0.05 a 0.32 0.86
b -0.01 0.29 b 0.29 0.86
c 0.00 0.30 c 0.34 0.85
d -0.10 0.25 d 0.48 0.91
e 0.01 0.23 e 0.49 0.90
f 0.06 0.31 f 0.43 0.92
In order to take a look in electronic level alignments of interface system after adsorption
the projected, angular-momentum resolved partial density of states (pDOS) averaged over
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all atoms of each species were calculated and normalized per molecule and per surface
respectively. For corresponding isolated molecular geometry HOMO and LUMO levels were
calculated and plotted together with interface pDOS. These calculations were performed
with higher number of k-grid points: 6x6x1. Gaussian broadening was chosen to be 0.05.
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FIG. 8. Side and top views of the adsorbed structures of Arg on Cu(111). Dashed black lines
correspond to: average z position of the atoms in the lowest layer of the surface (left), average z
position of atoms in the highest layer of the surface (middle), centre of the mass of the molecule
(right). Red/blue solid lines (and also red/blue regions) correspond to the electron density accu-
mulation/depletion, calculated as discussed in the manuscript in the section 2.3.
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FIG. 9. Side and top views of the adsorbed structures of Arg on Ag(111). Dashed black lines
correspond to: average z position of the atoms in the lowest layer of the surface (left), average z
position of atoms in the highest layer of the surface (middle), centre of the mass of the molecule
(right). Red/blue solid lines (and also red/blue regions) correspond to the electron density accu-
mulation/depletion, calculated as discussed in the manuscript in the section 2.3.
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FIG. 10. Side and top views of the adsorbed structures of Arg on Au(111). Dashed black lines
correspond to: average z position of the atoms in the lowest layer of the surface (left), average z
position of atoms in the highest layer of the surface (middle), centre of the mass of the molecule
(right). Red/blue solid lines (and also red/blue regions) correspond to the electron density accu-
mulation/depletion, calculated as discussed in the manuscript in the section 2.3.
16
FIG. 11. Side and top views of the adsorbed structures of Arg-H+ on Cu(111). Dashed black
lines correspond to: average z position of the atoms in the lowest layer of the surface (left),
average z position of atoms in the highest layer of the surface (middle), centre of the mass of
the molecule (right). Red/blue solid lines (and also red/blue regions) correspond to the electron
density accumulation/depletion, calculated as discussed in the manuscript in the section 2.3.
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FIG. 12. Side and top views of the adsorbed structures of Arg-H+ on Ag(111). Dashed black
lines correspond to: average z position of the atoms in the lowest layer of the surface (left),
average z position of atoms in the highest layer of the surface (middle), centre of the mass of
the molecule (right). Red/blue solid lines (and also red/blue regions) correspond to the electron
density accumulation/depletion, calculated as discussed in the manuscript in the section 2.3.
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FIG. 13. Side and top views of the adsorbed structures of Arg-H+ on Au(111). Dashed black
lines correspond to: average z position of the atoms in the lowest layer of the surface (left),
average z position of atoms in the highest layer of the surface (middle), centre of the mass of
the molecule (right). Red/blue solid lines (and also red/blue regions) correspond to the electron
density accumulation/depletion, calculated as discussed in the manuscript in the section 2.3.
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FIG. 14. Projected densities of states of the lowest energy structures on each surface. Filled
area corresponds to the occupied states below highest occupied state (VBM) of the whole system.
HOMO (black solid line) and LUMO (black dashed line) are the states of the corresponding gas-
phase molecular conformer calculated with the same geometry as it adopts when adsorbed. The
Fermi energy of the pristine slab is depicted with blue dashed line.
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FIG. 15. Side and top views of the adsorbed structures of a) Arg on Cu(111) (conformer c in
Fig. S8) and b) Arg-H+ on Cu(111) (conformer a in Fig. S11). Dashed black lines correspond to:
average z position of the atoms in the lowest layer of the surface (left), average z position of atoms
in the highest layer of the surface (middle), centre of the mass of the molecule (right). Red/blue
solid lines (and also red/blue regions) correspond to the electron density accumulation/depletion,
calculated as discussed in the manuscript in the section 2.3 with PBE0 functional.
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VI. DEPROTONATION ON THE SURFACES
In Arg, we found it most favorable to detach the proton from the guanidino group,
while for Arg-H+, it was most favorable to detach the proton from the carboxyl group. In
both cases we note that the final adsorbed species is a hydrogen, i.e., it does not carry a
positive charge. We chose three representative conformers at each surface: the lowest energy
structure and other two with different H-bonds within the molecule. We placed the detached
proton at a distance of at least 2.5 A˚ from the molecule and fully optimized the dissociated
structures. Comparing the energy difference between the final and initial states gives a lower
limit for the dissociation barrier.
FIG. 16. Representative structures that were analyzed for the calculation of the deprotonation
energies. Colored structures represent the deprotonated relaxed structure. The green translucent
structures represent the initial structure from which hydrogen was removed and placed on surface.
The hydrogen that was removed is highlighted in bright green. ∆E (see main text) is also reported
in each panel.
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FIG. 17. All structures that were analyzed for the calculation of the deprotonation energies. ∆E
(see main text) is also reported in each panel.
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VII. COMPARISON OF DFT WITH INTERFACE-FF
FIG. 18. Comparison of the relative energies obtained from DFT optimized structures and the
same structures after post-relaxation in with the INTERFACE force field. Dots on the diagonal
line represent an optimal correlation. The red area marks structures that lie in the lower 0.5 eV
energy range in DFT but above the 0.5 eV energy range in INTERFACE-FF. The green area marks
the structures that are in the lower 0.5 eV energy range regardless of the level of theory. The grey
area marks the structures that are above the 0.5 eV energy range in DFT but below the 0.5 eV
energy range in INTERFACE-FF.
Selected local minima obtained at DFT level of theory were optimized with the INTERFACE-
FF[13] using the NAMD package [14]. Calculations were performed with periodic boundary
conditions with the same cell size and number of Cu atoms as in the DFT calculations.
We obtained parameters for certain protonation states as described in the following. For
the calculation of Arg, two protomers P1 and P3 (as denoted in the main text) had to
be prepared. They are called “ARN” (P1) and “ARZ” (P3) in the topology file that is
provided.
The parametrization of “ARZ” proceeded by taking the C-terminus in the deproto-
nated form (PRES CTER) and the N-terminus in the neutral form (PRES NNEU) from
top-all36-prot.rtf, such that the protonation is COO-NH2 with total charge 0. The
partial charge of the guanidino group is +1. Other parameters were taken from ARG
(top-all22-prot-metals.inp) which is in the protonated form, by default, in CHARMM
force field.
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FIG. 19. Low-dimensional map of the conformational space of the Arg and Arg-H+ molecules
adsorbed on the Cu(111) surface. The map was optimized considering all DFT and INTERFACE-
FF structures. Green dots represent conformations obtained at DFT level of theory and red
dots represent conformations obtained after geometry optimization with INTERFACE-FF. Close
proximity of the dots reflects their structural similarity.
The parametrization of “ARN” proceeded by taking the parameters for neutral C-
terminus and N-terminus (PRES CNEU and PRES NNEU from top-all36-prot.rtf) and
the deprotonated methyl-guanidinium group (RESI MGU2) from par-all36-cgenff.rtf.
Atom types and parameters for MGU2 were copied from par-all36-cgenff.rtf. The
missing parameters related to joining MGU2 with the rest of Arg were manually added
to the topology file. They were obtained from the corresponding values appearing in the
protonated Arg, assuming that CG331 == CT2, NG311 == NC2, HGPAM1 == HC,
NG2D1 == NC2, CG2N1 == C, where needed. The partial charge of CD atom was
manually adjusted (decreased by 0.1) in order to have a neutral molecule with neutral
guanidino group. Parameters for the neutral C-terminus and N-terminus were taken from
the top-all36-prot.rtf file (PRES CNEU and PRES NNEU) and manually added to the
customized file of topology.
ArgH named as “ARX” has total charge +1 (partial charge of guanidino group is also
+1) and COOH-NH2 termini which is neutral. All the other parameters were directly taken
from the INTERFACE-FF all22-prot-metals topology and parameter files.
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We conclude from Fig. 18 that DFT (PBE+vdWsurf) and the INTERFACE-FF yield very
different energy hierarchies. However, from Fig. 19, we conclude that both levels of theory
represent a similar conformational space. However, Table VII shows that DFT and the FF
yield different adsorption site preferences for the amino and carboxyl groups. In particular,
DFT predicts that O will adsorb almost exclusively on top sites, consistent with the accepted
adsorption site preference of CO groups on the pristine Cu(111) surface. The FF predicts a
larger population of other adsorption sites, in particular hollow sites, compared to DFT.
TABLE VII. Surface site adsorption preferences of chosen chemical groups in Arg and Arg-H+.
All numbers are reported as a percentage of the total number of conformers optimized with DFT
(PBE+vdWsurf) and the INTERFACE force field.
Arg@Cu(111) Arg-H+@Cu(111)
Amino Carboxyl Amino Carboxyl
Adsorption site DFT FF DFT FF DFT FF DFT FF
Top 80 53 76 48 59 50 70 45
Bridge 9 18 14 18 18 20 15 22
Hollow-FCC 5 13 4 17 13 15 7 16
Hollow-HCP 6 16 5 17 10 15 9 18
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